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EXPERIMENTS ON THE IMPACT-LIGHT-FLASH AT H I G H  VELOCITIES 
I. INTRODUCTION 
One of t h e  obse rvab le  phenomena a s s o c i a t e d  w i t h  hyper- 
v e l o c i t y  impact is t h e  s o - c a l l e d  impact l i g h t  f l a s h  produced by 
t h e  conve r s ion  of some f r a c t i o n  of the  p ro jec t i l e  k i n e t i c  energy 
t o  r a d i a n t  energy .  The l i g h t  f l a s h  p rov ides  a mechanism f o r  t h e  
o b s e r v a t i o n  of high-speed impact phenomena. I n  a d d i t i o n ,  it has  
been used a s  a meteoroid c o u n t e r  i n  micrometeoroid detector 
sys t ems :  and it  is hoped t h a t  some proper ty  of t h e  impact f l a s h  
may be used i n  such s y s t e m s  t o  determine meteoroid mass and 
v e l o c i t y .  
pho tomet r i c  measurements of t h e  impact f l a s h  a t  t w o  d i f f e r e n t  
wavelengths  may provide  t h e  d e s i r e d  in fo rma t ion .  
In  t h i s  c o n t e x t  Rosen and Scully' have sugges t ed  t h a t  
T r a d i t i o n a l l y ,  t he  d e p t h  of p e n e t r a t i o n  and t h e  s ize  of 
c ra te rs  formed have been t h e  most s i g n i f i c a n t  e n g i n e e r i n g  param- 
e t e r s  of h i g h - v e l o c i t y  impact ,  and by  f a r  t h e  b u l k  of expe r imen ta l  
and t h e o r e t i c a l  work h a s  been concerned w i t h  these a s p e c t s  of high-  
speed  impact .  The e f f e c t s  of mel t ing  and v a p o r i z a t i o n  have only 
3 r e c e n t l y  been c o n s i d e r e d  i n  hype rve loc i ty  p e n e t r a t i o n  t h e o r y .  
Some p r o p e r t i e s  of t h e  vapor c loud  can be observed d i r e c t l y  by 
pho tograph ic  techniques: w h i l e  o t h e r s  may be i n f e r r e d  from i n d i r e c t  
measurements such  a s  t h o s e  of i o n i z a t i o n  p rocesses?  
of i o n i z a t i o n  s u g g e s t s  t h a t  t h e  vapor c l o u d  may p o s s e s s  plasma-l ike 
c h a r a c t e r i s t i c s ,  i n c l u d i n g  s e l f - l u m i n o s i t y  due t o  the  e x c i t a t i o n  
of n e u t r a l  g a s  atoms. Thus q u a n t i t a t i v e  measurements of t h e  
p r o p e r t i e s  of t h e  impact l i g h t  f l a s h  can  p rov ide  in fo rma t ion  on 
v a p o r i z a t i o n  e f f e c t s .  
The e x i s t e n c e  
I n  a n  e a r l y  s tudy6  of t h e  impact l i g h t  f l a s h  conducted 
w i t h  large p r o j e c t i l e s  f r o m  a l i g h t  gas gun, l i n e  s p e c t r a  a r i s i n g  
from e x c i t a t i o n  of r e s i d u a l  gas atoms i n  the target chamber 
appea red  t o  account  for most of the  observed  r a d i a t i o n .  The more 
recent experiments of Rosen and Scul ly  (Ref. 2) were conducted i n  a 
vacuum of less than low2 mm Iig using small  p r o j e c t i l e s  approximately 
50 microns i n  diameter.  Since the  r e s i d u a l  gas  i n t e r a c t i o n s  were 
negl ig ib le ,  t he  observed r a d i a t i o n  was a t t r i b u t e d  t o  blackbody 
emission from heated p a r t i c l e s  or  d r o p l e t s  e j e c t e d  from t h e  t a r g e t .  
On t h e  b a s i s  of t h i s  assumption, they were a b l e  t o  c o r r e l a t e  t h e  
peak f l a s h  i n t e n s i t y  w i t h  t h e  amount of ma te r i a l  ejected from the 
t a r g e t .  
This r e p o r t  describes experiments on t h e  impact l i g h t  f l a s h  
conducted with v e r y  smal l  (approximately 1 micron) p a r t i c l e s  over 
t h e  ve loc i ty  range from about 2.5 km/sec up t o  near ly  40 k d s e c .  
The r e s u l t s  of measurements using u n f i l t e r e d  photomul t ip l ie r  tubes  
suggested t h a t  t he  emission spectrum was s i m i l a r  t o  t h a t  of a black- 
body r a d i a t o r .  Apparent blackbody temperatures were measured by 
two-color photometric techniques s i m i l a r  t o  those used by Rosen 
and Scully,  and s i m i l a r  r e s u l t s  were obtained over t he  range of 
v e l o c i t i e s  common t o  both experiments. However, a s i g n i f i c a n t  
departure  from t h e  r a t e  of increase  of temperature w i t h  ve loc i ty  
pred ic ted  by Rosen and Scul ly  was observed. Although no at tempt  
has been made t o  determine the  source of r a d i a n t  energy, it appears  
l i k e l y  t h a t  two sources  e x i s t :  One is blackbody emiss ion  from 
heated mater ia l ,  t h e  o the r  r a d i a t i o n  f r o m  e x c i t e d  atoms i n  the vapor 
cloud. 
11. EXPERIMENTAL PROCEDURES 
A .  P a r t i c l e  Acce lera t ion  and Analys is  
I n  a l l  of t h e  work d iscussed  here  t h e  TRW Systems 
7 e l e c t r o s t a t i c  hyperveloci ty  a c c e l e r a t o r  was used. In t h i s  acce l -  
e r a t o r  s m a l l  par t ic les  a r e  first charged e l e c t r i c a l l y  by a Process 
described elsewhere and t h e n  i n j e c t e d  i n t o  t h e  a c c e l e r a t i n g  
e lectr ic  f i e l d  of a 2-mill ion-volt  Van de Graaff Generator.  Here 
they a r e  acce lera ted  t o  a f i n a l  v e l o c i t y  g iven  by v = (2qV/m) 
where V is the  a c c e l e r a t i n g  vol tage,  m is t h e  mass of t h e  P a r t i c l e ,  
8 
1/2 
and q is its charge. As descr ibed i n  Ref. 8 ,  t h e  q/m of a par- 
t i c l e  is propor t iona l  t o  t h e  r e c i p r o c a l  of the  p a r t i c l e  r ad ius .  
As a consequence of t h i s  r e l a t i o n s h i p ,  t he  e l e c t r o s t a t i c  method of 
acce le ra t ing  p a r t i c l e s  is most e f f e c t i v e  f o r  v e r y  small  p a r t i c l e s .  
Under optimum condi t ions,  i ron  p a r t i c l e s  of 1 micron diameter 
reach a f i n a l  ve loc i ty  of about 7 km/sec. (Smaller p a r t i c l e s ,  o r  
p a r t i c l e s  composed of lower dens i ty  mater ia l s ,  achieve corre- 
spondingly higher v e l o c i t i e s .  As examples, carbon p a r t i c l e s  have 
been acce le ra t ed  t o  v e l o c i t i e s  i n  excess of 20 km/sec, and sub- 
micron i r o n  p a r t i c l e s  have been acce le ra t ed  t o  nea r ly  40 km/sec.) 
Carbonyl i r o n  spheres  (98% Fe) w i t h  a mean diameter of about 1.5 
microns were used f o r  a l l  of t h e  experiments descr ibed  below. 
The charge and ve loc i ty  of each p a r t i c l e  a r e  determined 
a f t e r  it has been acce le ra t ed  but before it s t r i k e s  t h e  t a r g e t  
su r f ace .  T h i s  is accomplished by measuring t h e  magnitude and 
du ra t ion  of t h e  vol tage s i g n a l  induced by a p a r t i c l e  a s  it passes  
through a c y l i n d r i c a l  d r i f t  tube of known capaci tance and length.  
The charge is given by q CVi, where Vi is the  amplitude of t h e  
induced vol tage pulse  and C is t h e  capacitance of t he  d r i f t  tube 
t o  ground. The ve loc i ty  is simply v = &/t, where t is t h e  t r a n s i t  
t i m e  through a cy l inde r  of length  1 .  The mass of t h e  p a r t i c l e  is 
found from m = 2qV/v . 2 
Usually t h e  s i g n a l  f r o m  the  de t ec to r  is amplif ied and d i s -  
played on an osc i l loscope  t r a c e ,  which is photographed f o r  subse- 
quent a n a l y s i s .  The s i g n a l s  f r o m  the photomul t ip l ie r  tubes  (PMT's) 
used t o  observe t h e  l i g h t  f l a s h  a r e  a l s o  recorded photographical ly .  
When only a s i n g l e  PMT was used, its s i g n a l  was displayed on one 
trace of a dual-beam osc i l loscope  while the  d e t e c t o r  s i g n a l  was 
d i sp layed  on t h e  o the r .  When seve ra l  tubes  were i n  use simul- 
taneously,  each s i g n a l  was displayed on a s e p a r a t e  osc i l loscope  
t r a c e .  A l l  of t h e  osc i l l o scopes  were t r i g g e r e d  from a common 
sau rce  ( e i t h e r  t h e  d e t e c t o r  s i g n a l  i t s e l f  o r  t he  output  s i g n a l  
from t h e  v e l o c i t y  s e l e c t o r  s y s t e m  described below) t o  ensure t i m e  
c o r r e l a t i o n  of t h e  observed s i g n a l s .  
3 
Most of t h e  h i g h - v e l o c i t y  d a t a  ( i . e . ,  above about  10 k m /  
sec) were o b t a i n e d  w i t h  t h e  a i d  of a r e c e n t l y  developed v e l o c i t y -  
s e l e c t i o n  s y s t e m .  The ca rbony l  i r o n  p a r t i c l e  s o u r c e  is charac- 
t e r i z e d  by a wide d i s t r i b u t i o n  of p a r t i c l e  s i ze s  ( w i t h  diameters 
from about  0.1 t o  3.0 microns) .  As a consequence of the  c h a r g i n g  
p rocess ,  t h e  s m a l l e r  and less f r e q u e n t l y  o c c u r r i n g  p a r t i c l e s  
ach ieve  t h e  h i g h e s t  v e l o c i t i e s .  S ince  t h e  very  h igh  v e l o c i t y  par -  
t i c l e s  appea r  s o  r a r e l y ,  d i r e c t  photography of each p a r t i c l e  s i g n a l  
is n o t  a very  s a t i s f a c t o r y  way Of a c q u i r i n g  h igh -ve loc i ty  d a t a .  
To a l l e v i a t e  t h i s  problem, t h e  v e l o c i t y - s e l e c t i o n  system is used 
t o  produce a t r i g g e r  p u l s e  whenever a p a r t i c l e  w i t h i n  a p r e -  
determined v e l o c i t y  i n t e r v a l  a p p e a r s .  Th i s  is accomplished by 
means of t w o  p a r t i c l e - d e t e c t i o n  s t a t i o n s  and a s imple  l o g i c  c i r c u i t .  
The s i g n a l  from t h e  f i r s t  d e t e c t o r  opens a narrow g a t e  a t  some 
prede termined  d e l a y  t i m e .  The s i g n a l  f rom t h e  second detector  is 
f e d  t o  t h e  g a t e ;  i f  t h e  g a t e  is open, a t r i g g e r  p u l s e  is g e n e r a t e d  
b u t  i f  t h e  s i g n a l  a r r i v e s  a t  any o t h e r  t i m e  no s i g n a l  is g e n e r a t e d .  
Both t h e  d e l a y  t i m e  and t h e  wid th  of t h e  g a t e  p u l s e  a r e  a d j u s t a b l e .  
I n  p r a c t i c e ,  t h e  t r i g g e r  p u l s e  is used  t o  t r i g g e r  t he  sweep c i r c u i t s  
of t h e  o s c i l l o s c o p e s ,  which d i s p l a y  t h e  s i g n a l s  from a t h i r d  pa r -  
t i c l e  detector and t h e  PMT's. The p a r t i c l e  v e l o c i t y  and mass a r e  
determined by a n a l y s i s  of t h e  s i g n a l  from t h e  t h i r d  d e t e c t g r .  
B. Impact-Flash Measurement Techniques 
For t h e  single-PMT measurements of t h e  impact f l a s h  
from g l a s s  t a r g e t s ,  p a r t i c l e s  from t h e  a c c e l e r a t o r  passed  through 
a P a r t i c l e  d e t e c t o r  and t h e n  s t r u c k  a g l a s s  t a r g e t  whose s u r f a c e  
was normal t o  t h e  d i r e c t i o n  of t h e  p a r t i c l e  beam. The t a r g e t ,  
which w a s  i n  t h e  form of a d i s c ,  a l s o  s e r v e d  a s  a vacuum window. 
The PMT was o p t i c a l l y  coupled  t o  t h e  r ea r  of t h e  window w i t h  Dow- 
Corning 200 F l u i d .  I n  some cases, t h e  f r o n t  s u r f a c e  of t h e  t a r g e t -  
window was c o a t e d  w i t h  a n  ex t r eme ly  t h i n  b u t  opaque f i l m  of 
aluminum. The purpose of t h e  f i l m  was t o  s h i e l d  t h e  PMT from 
l i g h t  emitted from t h e  vapor  c loud ,  t h u s  l i m i t i n g  these measure- 
ments t o  t H e  "body f l a s h " .  Under t h e s e  c i r c u m s t a n c e s  t h e  s i g n a l  
4 
from the  PMT appears a s  a l a r g e  amplitude sp ike  followed by a lower- 
l e v e l ,  exponent ia l ly  decreasing s i g n a l .  I t  is presumed t h a t  t h e  
sp ike  r ep resen t s  the body f l a s h .  Exper iments  appear t o  bear t h i s  
out ,  s i n c e  the amplitude of t h e  i n i t i a l  sp ike  is e s s e n t i a l l y  un- 
a l t e r e d  by t h e  presence or absence of t h e  aluminum f i l m .  
Most of the  f ront -sur face  impact-flash measurements and 
a l l  of t he  s p e c t r a l  measurements were made using the  t a r g e t  
chamber shown i n  Fig. 1. T h i s  chamber provides  viewing ports  for 
four PMl"s, which view t h e  s u r f a c e  of t h e  t a r g e t  a t  an angle  of 
45' t o  t h e  normal. 
chamber through t h e  ape r tu re  between t h e  phototubes and impact a t  
t h e  c e n t e r  of t h e  t a r g e t ,  t h e  point of impact l y i n g  a t  t h e  apex of 
the pyramid formed by t h e  axes of the  viewing po r t s .  The viewing 
p o r t s  a r e  sea l ed  by t h i n  Lucite windows. The PMT's a r e  held 
aga ins t  t h e  viewing ports by an aluminum s t r u c t u r e  t h a t  a l s o  has  
a recess f o r  s tandard  2 x 2 inch o p t i c a l  f i l t e rs .  The i n t e r n a l  
s u r f a c e s  of t h e  chamber a r e  polished to  increase  l igh t -ga ther ing  
e f f i c i e n c y ,  and a l l  o p t i c a l  j o i n t s  a r e  made w i t h  a t h i n  l a y e r  of 
s i l i c o n  grease  t o  reduce l i g h t  losses a t  t h e  i n t e r f a c e s .  
Particles from the  a c c e l e r a t o r  e n t e r  t h e  
RCA 6199 photomul t ip l ie r  t u b e s  w i th  S-11 s p e c t r a l  response 
were used f o r  a l l  of the measurements. Standard PMT c i r c u i t r y  was 
used, w i th  t h e  photocathode a t  about 1000 v o l t s  negat ive and t h e  
anode grounded through the  load r e s i s t o r .  A high-impedance vol tage 
d i v i d e r  suppl ied  the  correct operat ing vol tage to the  dynodes. The 
l a s t  few s t a g e s  were backed up by capac i to r s  t o  avoid n o n l i n e a r i t i e s  
a r i s i n g  from l a r g e  s i g n a l  l e v e l s .  The frequency response was ad- 
j u s t e d  by varying the  anode capacitance t o  ground. The output 
s i g n a l s  were fed t o  wide-bandpass cathode-followers and from there 
d i r e c t l y  t o  t h e  osc i l l o scopes .  
Although the  PMT's were not c a l i b r a t e d  aga ins t  a s tandard  
blackbody r a d i a t i o n  source,  a c e r t a i n  amount of c a r e  was taken i n  
determining t h e  over -a i l  response. The m o s t  c r i t i ca l  f ac to r s  
a f f e c t i n g  ove r -a l l  response a r e  t h e  s p e c t r a l  response of t h e  PMT- 
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f i l t e r  combination and the ga in  of the e l ec t ron -mul t ip l i e r  
assembly. 
The s p e c t r a l  response c h a r a c t e r i s t i c s  of the  PMT-filter 
combinations were determined from t h e  S-11 s p e c t r a l  c h a r a c t e r i s t i c s  
curve published by t h e  manufacturer and from t h e  t ransmission 
c h a r a c t e r i s t i c s  of t he  f i l t e r s  ( a l s o  suppl ied by t h e  manufacturer). 
The s p e c t r a l  response of two f i l t e r e d  PMT's t h a t  were used a s  a 
p a i r  for the photometric measurements a r e  shown i n  Fig.  2. Another 
p a i r  of f i l t e r ed  PMT's wi th  a similar, but s l i g h t l y  d i f f e r e n t  
s p e c t r a l  response was a l s o  used, but they a r e  not  i l l u s t r a t e d .  
For purposes of ana lys i s ,  it was assumed t h a t  t h e  a rea  under a 
p a r t i c u l a r  curve r e p r e s e n t s  t h e  s e n s i t i v i t y  t o  r a d i a n t  energy a t  
t h e  peak wavelength. 
To determine t h e  g a i n  of t h e  e l ec t ron -mul t ip l i e r  assemblies,  
t h e  ga ins  of t h e  tubes  t h a t  comprised a p a i r  for the  temperature 
measurements were ad jus t ed  t o  a common value.  A pulsed neon l i g h t  
served a s  the c a l i b r a t i n g  source,  and t h e  ga in  was s e t  by a 
potent iometer  which ad jus t ed  the  t o t a l  vol tage ac ross  t h e  dynode 
chain.  To account for  poss ib le  v a r i a t i o n s  i n  t h e  l i g h t  source in-  
t e n s i t y ,  each tube was checked seve ra l  times. In  p rac t i ce ,  a l l  
fou r  PMT's were fed from a s ing le  high-voltage power supply. Since 
e l e c t r o n  m u l t i p l i c a t i o n  is a s t rong  func t ion  of vol tage,  t h e  
supply vol tage  was monitored continuously by a d i g i t a l  vol tmeter  
and maintained a t  a value cons tan t  t o  about one p a r t  i n  a thousand. 
Under these condi t ions,  t h e  v a r i a t i o n  i n  e l e c t r o n  ga in  w a s  probably 
no g r e a t e r  than 1 o r  296. 
C. Two-Color Temperature Measurements 
I n  t h e  experiments, the  a c t u a l  property measured is t h e  
i n t e n s i t y  of l i g h t  emission a t  t w o  d i f f e r e n t  wavelengths. To con- 
v e r t  these measured values  t o  t h e  apparent temperature, t h e  exper i -  
mental d a t a  a r e  used w i t h  t h e  Planck blackbody r a d i a t i o n  law, 
namely , 
7 
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where Y A  is the  i n t e n s i t y  a t  wavelength A,  T is t h e  temperature of 
the  r a d i a t o r ,  and K1 and K2 a r e  cons tan ts .  The magnitude of t h e  
output s i g n a l  f r o m  a PMT s e n s i t i v e  only a t  wavelength A is given 
bY 
I A = s  x x  Y * 
where SA is the  r a d i a n t  s e n s i t i v i t y .  
t e n s i t y  a t '  t w o  d i f f e r e n t  wavelengths i and j d e f i n e s  the  tempera- 
t u r e  uniquely, a s  given by 
The r a t i o  of t he  l i g h t  in-  
(K2/ j  T) 
(K2/iT) 
' e  -1 S I i  - = If1 
I j  e -1 
In  t h e  present  case SA is propor t iona l  t o  t h e  a rea  
under t h e  appropr ia te  s p e c t r a l  response curve.  The curve f o r  con- 
v e r t i n g  from measured s i g n a l  l e v e l  r a t i o s  t o  apparent blackbody 
temperature,  a s  c a l c u l a t e d  from Eq. (3), is given i n  Fig.  3 for  
t h e  s p e c t r a l  response c h a r a c t e r i s t i c s  i nd ica t ed  i n  Fig. 2. 
111. EXPERIMENTAL RESULTS A N D  DISCUSSION 
A.  Single-Phototube Observations 
A s  mentioned i n  the previous sec t ion ,  t h e  body f l a s h  i n  
g l a s s  t a r g e t s  is cha rac t e r i zed  by an i n t ense ,  shor t -dura t ion  f l a s h  
followed by a lower- intensi ty  e n i s i o n  that decays w i t h  a 
r e l a t i v e l y  long time constant .  The dura t ion  of t h e  i n i t i a l  sp ike  
9 
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. 
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is about  0.2 psec,  w h i l e  t h e  low- in t ens i ty  p o r t i o n  of t h e  emis s ion  
p e r s i s t s  for a s  long a s  10 psec. For most measurements, t h e  PMT 
s i g n a l  was i n t e g r a t e d  e l e c t r o n i c a l l y  t o  f a c i l i t a t e  t h e  procedures .  
Thus i n  t h e  r e s u l t s  o b t a i n e d ,  t h e  magnitude of t h e  s i g n a l  is 
p r o p o r t i o n a l  t o  t h e  t o t a l  r a d i a n t  e n e r g y  emi t ted  but is dominated 
by t h e  h i g h - i n t e n s i t y  p o r t i o n .  Typ ica l  r e s u l t s  a r e  i l l u s t r a t e d  i n  
F ig .  4, where t h e  peak l i g h t - f l a s h  ampli tude d i v i d e d  by t h e  mass 
of t h e  p a r t i c l e  is p l o t t e d  a s  a f u n c t i o n  of p a r t i c l e  v e l o c i t y .  
Normalizing t o  p a r t i c l e  mass has  t h e  e f f e c t  of p r e s e n t i n g  t h e  d a t a  
a s  i f  t h e  p a r t i c l e s  were of a uniform mass, and is based on t h e  
assumption t h a t  t h e  magnitude of t h e  l i g h t  f l a s h  is d i r e c t l y  
p r o p o r t i o n a l  t o  p a r t i c l e  mass. 
Data f o r  impacts  on a s o l i d  t a n t a l u m  t a r g e t  are shown 
i n  F ig .  5 .  In  t h i s  c a s e ,  of c o u r s e ,  t h e  impact f l a s h  was observed 
f r o m  t h e  f r o n t  f a c e  of t h e  t a r g e t .  Again, t h e  ou tpu t  s i g n a l  was 
e l e c t r o n i c a l l y  i n t e g r a t e d .  The s i g n a l  waveform observed i n  t h i s  
manner is somewhat d i f f e r e n t  i n  t h a t  t he  i n i t i a l  s p i k e  t h a t  is 
c h a r a c t e r i s t i c  of t h e  body f l a s h  is not n e a r l y  s o  prominent a s  t h a t  
o b t a i n e d  w i t h  g l a s s  t a r g e t s .  In  f a c t ,  it is ques t ionab le  t h a t  i t  
a p p e a r s  a t  a l l .  Gene ra l ly ,  t h e  s i g n a l  rises t o  peak va lue  i n  about  
50 nanosec and t h e n  decays e x p o n e n t i a l l y  w i t h  a t i m e  c o n s t a n t  of 
abou t  5 psec .  Because of t h e  i n t e g r a t i o n ,  t h e  s i g n a l  ampl i tude  is 
p r o p o r t i o n a l  t o  t h e  t o t a l  r a d i a n t  energy w i t h i n  t h e  s p e c t r a l  range 
of t h e  PMT. 
Over t h e  l i m i t e d  v e l o c i t y  range  covered by these  d a t a  
p o i n t s ,  the  body f l a s h  f r o m  g l a s s  t a r g e t s ,  a s  r e p r e s e n t e d  i n  F i g .  
4, is more s t r o n g l y  v e l o c i t y  dependent t h a n  is t h e  f l a s h  observed 
f r o m  a s o l i d  m e t a l l i c  t a r g e t .  S t r a i g h t - l i n e  “eye”  f i t s  t o  t h e  
p o i n t s  imply t h a t  on g l a s s  t a r g e t s  the  body f l a s h  i n c r e a s e s  a s  
a b o u t  t h e  s e v e n t h  power of v e l o c i t y ,  wh i l e  i n  t h e  o t h e r  c a s e  t h e  
s l o p e  is on ly  abou t  t h r e e .  As c a n  be i n f e r r e d  from r e s u l t s  d i s -  
c u s s e d  l a t e r ,  this d i f f e r e n c e  is not a t t r i b u t a b l e  to  t h e  d i f f e r e n c e s  
i n  t a r g e t  m a t e r i a l s  and hence, must be i n d i c a t i v e  of t h e  d i f f e r e n c e  
between t h e  body f l a s h  viewed from t h e  rear of t h e  t a r g e t  and 
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F igure  4.  Light Flash I n t e n s i t y  over  the  V i s i b l e  Range Normalized 
to  P a r t i c l e  Mass a s  a Funct ion of Impact V e l o c i t y  for a 
Glass  Target .  An RCA 6199 P h o t o m u l t i p l i e r  w i t h  S-11 
response was used .  
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Figure  5 .  
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Normalized Light Flash Intensity a s  a Function of 
P a r t i c l e  V e l o c i t y  obtained with  a Tantalum Target and 
an  u n f i l t e r e d  RCA 6199 Photomult ip l ier  Tube. 
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r a d i a t i o n  viewed from i n  f r o n t  of t h e  t a r g e t .  
B. S p e c t r a l  Measurements -_-. 
Two-color pho tomet r i c  measurements were conducted t o  
de termine  a p p a r e n t  blackbody t empera tu re  a s  a f u n c t i o n  of par -  
t i c l e  impact v e l o c i t y  on t a n t a l u m  and fused -qua r t z  (Vycor g l a s s )  
t a r g e t s .  The term "apparent"  means t h a t  t h e  tempera ture  was 
determined on t h e  assumption t h a t  t h e  s o u r c e  of l i g h t  is a n  i d e a l  
blackbody r a d i a t o r ,  a l t h o u g h  t h e r e  is no d i r ec t  ev idence  t o  s u p p o r t  
t h i s  assumption.  
Two s e p a r a t e  t empera tu re  d e t e r m i n a t i o n s  were made f o r  
each  t a r g e t  m a t e r i a l .  The only d i f f e r e n c e  between t h e  two t e s t  
a r rangements  ( a s i d e  from very  s l i g h t  d i f f e r e n c e s  i n  t h e  s p e c t r a l  
r e sponse  of t he  f i l t e r s  used)  was t h e  o u t p u t  c i r c u i t r y  of t h e  YMl "s .  
For  one p a i r  of t u b e s  t h e  o u t p u t  s i g n a l s  were i n t e g r a t e d  by s h u n t i n g  
t h e  100 Kil  anode r e s i s t o r s  wi th  100 pf c a p a c i t o r s ,  g i v i n g  a n  RC 
decay time of 10 psec .  I n  t h e  o t h e r  c a s e ,  no c a p a c i t o r s  were 
added and t h e  e f f e c t i v e  RC decay t i m e s  were l e s s  t h a n  1 Msec. In  
t h e  f i r s t  c a s e ,  t h e  n e t  e f f e c t  of t h e  i n t e g r a t i o n  is t h a t  t h e  
t o t a l  r a d i a n t  energy from t h e  f l a s h  is measured a t  some f i x e d  
wavelength;  i n  t h e  second,  t h e  s i g n a l  is more n e a r l y  p r o p o r t i o n a l  
t o  t h e  i n s t a n t a n e o u s  r a d i a n t  i n t e n s i t y  a t  t h e  wavelength s p e c i f i e d  
by t h e  s p e c t r a l  r e sponse  c h a r a c t e r i s t i c s  of t h e  PMT's. Since  t h e  
i n t e n s i t y  is a s t r o n g  f u n c t i o n  of t empera tu re  i n  t h e  range  under 
s t u d y ,  t he  r e sponse  i n  e i t h e r  c a s e  is dominated by r a d i a t i o n  from 
t h e  f l a s h  w h i l e  it is a t  h igh  t e m p e r a t u r e ,  and t h e  peak ampl i tudes  
of t h e  s i g n a l s  a r e  r e p r e s e n t a t i v e  of t h e  maximum tempera tu re .  
I n  p r i n c i p l e ,  t h e  c o o l i n g  of t h e  f l a s h  c o u l d  be moni- 
tored by measuring t h e  r a t i o  of t h e  a p p r o p r i a t e  s i g n a l s  a s  a 
f u n c t i o n  Of t i m e .  However, it was found t h a t  t h e  s i g n a l s  decay t o  
t h e  n o i s e  l e v e l  SO r a p i d l y  t h a t  measurements of t h i s  t y p e  d i d  n o t  
appea r  f e a s i b l e  under t h e  p r e s e n t  c i r c u m s t a n c e s .  
G e n e r a l l y  speak ing ,  t h e  i n t e g r a t e d  s i g n a l s  p rov ided  
t h e  b e s t - q u a l i t y  d a t a ,  p a r t i c u l a r l y  a t  l o w  s i g n a l  l e v e l s .  T h i s  
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higher  q u a l i t y  stems from t h e  fac t  t h a t  t h e  i n t e g r a t i o n  tends t o  
minimize t he  e f fec ts  of s t a t i s t i c a l  f l u c t u a t i o n s  i n  t h e  e l ec t ron -  
m u l t i p l i c a t i o n  process,  which a r e  s i zab le  fo r  small  s i g n a l s .  
However, measurements made w i t h  t h e  non-integrat  ing c i r c u i t r y  pro- 
vide an i n t e r n a l  check for  consistency of t h e  r e s u l t s .  
A s e t  of osc i l lographs  depic t ing  the  raw d a t a  obtained 
for  an event  under somewhat favorable  condi t ions  is shown i n  
Fig.  6 .  The uppermost p i c t u r e  shows the detector s i g n a l ,  whi le  
t h e  osc i l lograph  i n  the  cen te r  d i sp l ays  the  in t eg ra t ed  output 
s i g n a l s  a t  5935 A and 4015 A (upper and lower t r a c e s ,  r e s p e c t i v e l y ) .  
Similar  t r a c e s  f o r  t h e  PMT's with  broadband e x t e r n a l  c i r c u i t r y  a r e  
shown i n  t h e  lower photo, where the upper t r a c e  g i v e s  t h e  i n t e n s i t y  
a t  5885 A and t h e  lower g ives  the  i n t e n s i t y  a t  4050 A .  
0 0 
0 0 
Idea l ly ,  one needs only t o  measure the r a t i o  of the  
amplitudes of the  p a i r  of s i g n a l s  t o  determine t h e  apparent 
temperature. A case  where t h i s  was done is i l l u s t r a t e d  i n  F ig .  7 .  
These d a t a  were obtained from the in t eg ra t ed  i n t e n s i t y  measure- 
ments on a tantalum t a r g e t .  Clear ly ,  the r e s u l t s  show a s t e a d i l y  
inc reas ing  temperature w i t h  p a r t i c l e  ve loc i ty .  One gets the i m -  
p ress ion  t h a t  the r a t i o  of i n t e n s i t i e s  is increasing more slowly 
a t  t h e  h igh  v e l o c i t i e s ,  but t h e  scat ter  i n  the da t a  po in t s  prevents  
q u a n t i t a t i v e  v e r i f i c a t i o n  of t h i s  point .  The r e s u l t s  presented i n  
Fig.  7 a r e  not  a s  s a t i s f a c t o r y  a s  those presented l a t e r  s i n c e  t o  
ob ta in  accu ra t e  da t a ,  high-quality s i g n a l s  must be obtained 
s imultaneously from both PMT's, and t h i s  was not  always t h e  case.  
Often the  s i g n a l  from one of the  two PMT's was e i ther  too l a r g e  or 
too small t o  be measured accura te ly ,  and a t  the higher temperatures  
the b lue - sens i t i ve  PMT produced l a r g e r  and more e a s i l y  measured 
s i g n a l s ,  which apparent ly  led t o  a high-temperature b i a s .  
To a l l e v i a t e  t h i s  problem and t o  minimize t h e  s c a t t e r  
e x h i b i t e d  by the p o i n t s  i n  Fig. 7 ,  an averaging technique was 
employed. I n  t h i s  method the  peak l i g h t - f l a s h  amplitude, 
normalized t o  p a r t i c l e  mass, was plot ted a s  a func t ion  of p a r t i c l e  
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Figure 6. Osci l lographs I l l u s t r a t i n g  t h e  Response of t h e  Various 
Sensors. The uppermost p i c t u r e  shows t h e  s i g n a l  from 
the p a r t i c l e  velocity-charge d e t e c t o r .  The photograph 
i n  the  center shows t h e  s i g n a l s  f r o m  t h e  PMT's with 
i n t e g r a t i n g  output  c h a r a c t e r i s t i c s .  The upper t r a c e  
in t h ' s  p i c t u r e  was der ived  f r o m  a PMT s e n s i t i v e  a t  
t e n s i t y  a t  4015 2. Simi lar  s i g n a l s  from t h e  PIKT's 
w i t h  broadband e x t e r n a l  c i r c u i t r y  a r e  shown i n  t h e  
5935 sr while the  lower t r a c e  corresponds t o  t h e  in-  
lower p i c t u r e  with the upper and ower t r a c e s  g iv ing  
t h e  i n t e n s i t y  a t  5885 a and 4050 r e s p e c t i v e l y .  
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F igure  7 .  
In t h i s  c a s e ,  the  output s i g n a l s  from the  PMT's were 
i n t e g r a t e d .  
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ve loc i ty  f o r  each of t h e  PMT's. A smooth curve was f i t t e d  t o  
each s e t  of da t a .  The r a t i o  of the  values  of t h e  appropr ia te  two 
curves a t  a s e l e c t e d  ve loc i ty  then y i e lded  an average maximum 
blackbody temperature a t  t h a t  ve loc i ty  
The da ta  a r e  presented i n  F igs .  8 through 11. The 
po in t s  represent  t he  logarithms of the measured values  of t he  peak 
s i g n a l  amplitude i n  a r b i t r a r y  u n i t s  normalized t o  the  measured 
p a r t i c l e  mass a t  t h e  ve loc i ty  ind ica ted .  The s t r o n g  ve loc i ty  de- 
pendence of t he  l i g h t  f l a s h  a s  measured a t  a f i xed  wavelength is 
evident  from these  f i g u r e s ,  s i n c e  the  l i g h t - f l a s h  amplitude i n -  
c r eases  by about 5 or 6 orders  of magnitude over t he  ve loc i ty  
range covered. The curves were f i t t e d  t o  the  d a t a  po in t s  by an 
i t e r a t i v e  process.  F i r s t  t h e  unweighted da ta  were f i t t e d  t o  
polynomials of second and t h i r d  degree by s tandard  computer methods. 
Gaps i n  t h e  d i s t r i b u t i o n  of da ta  p o i n t s  prevented an e n t i r e l y  
s a t i s f a c t o r y  curve f i t  by t h i s  technique. Next, average values  Of 
t h e  normalized l i g h t - f l a s h  amplitudes were determined over narrow 
ve loc i ty  i n t e r v a l s ,  and these values  were f i t t e d  by inspec t ion .  
The curves def ined  i n  t h i s  manner and t h e  computer-generated curves 
were compared f o r  consis tency.  Obvious d i f f e r e n c e s  were r a t i o n a l i z e d  
by inspect ion,  and the  f i n a l  curves  a s  i nd ica t ed  i n  t h e  f i g u r e s  were 
def ined.  Obviously, personal  judgment p lays  a major r o l e  i n  de f in ing  
t h e  curves  t h i s  way. Although t h e  element of judgment precludes a 
q u a n t i t a t i v e  es t imate  of t he  f i t t i n g  errors, it is f e l t  t h a t  t h e  
f i n a l  r e s u l t s  a r e  q u i t e  r e p r e s e n t a t i v e  of t h e  a c t u a l  temperatures  
involved. The f i n a l  r e s u l t s  r e l a t i n g  apparent  blackbody tempera- 
t u r e s  t o  impact ve loc i ty  a r e  given i n  F igs .  1 2  through 15. 
As was mentioned above, t h e  h ighes t  q u a l i t y  d a t a  were 
obtained when t h e  output s i g n a l s  f r o m  t h e  PMT's were i n t e g r a t e d .  
Resul t s  obtained under these cond i t ions  are shown i n  Fig.  12 f o r  a 
tantalum t a r g e t  and i n  Fig.  13 f o r  t h e  fused-quartz t a r g e t .  In 
both cases  t h e  apparent  temperature i n c r e a s e s  with v e l o c i t y ,  a s  
might be expected, but appears  t o  be asymptot ica l ly  approaching a 
l i m i t i n g  temperature of about 5000°K. Although the problem has not  
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Figure  8.  Logarithm of the  Integrated Light F lash  I n t e n s i t y  
Normalized t o  P a r t i c l e  Mass s a Functi-n of Yeloc i ty  
Target . for PW's S e n s i t i v e  a t  5935 B and 4015 1 and a Tantalum 
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Figure 9 .  Logarithm of t h e  In tegrated  Light Flash I n t e n s i t y  
Normalized to  P a r t i c l e  Mass s a Funct i  n of V e l o c i t y  
for PMT's S e n s i t i v e  a t  5935 w and 4015 f and a Fused- 
Quartz Target .  
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Figure  10. Logarithm of the  Maximum Instantaneous Flash I n t e n s i t y  
Normalized to  P a r t i c l e  Mass s a Funct i  n of Ve loc i ty  
Target .  
for PMT's S e n s i t i v e  a t  5885 B and 4050 .- 8 and a Tantalum 
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Figure 11. Logarithm of the  mximum Instantaneous Flash I n t e n s i t y  
Normalized to  P a r t i c l e  Mass s a Funct i  n Of V e l o c i t y  
Quartz Target .  
for PMT's S e n s i t i v e  a t  5885 B and 4050 w and a Fused- 
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been t r e a t e d  a n a l y t i c a l l y ,  it is probably s a f e  t o  assume t h a t  t h e  
temperature l i m i t  is imposed by more e f f i c i e n t  r a d i a t i o n  cool ing 
a t  h igher  temperatures and by the  absorpt ion of energy by competing 
mechanisms, such a s  i o n i z a t i o n  of t h e  vapor atoms, 
Although t h e  same l i m i t i n g  temperature is approached fo r  
both t y p e s  of t a r g e t s ,  markedly h i g h e r  temperatures a r e  measured 
a t  low v e l o c i t i e s  w i t h  t h e  quar tz  t a r g e t .  The lower heat  con- 
d u c t i v i t y  of quar tz  may account f o r  t h i s  effect ,  s i n c e  t h e  energy 
r e l e a s e  is confined t o  a smaller volume of ma te r i a l  a t  a corres- 
pondingly higher  temperature.  The apparent d i f f e rence  i n  measured 
temperatures  a t  about 3 km/sec and below is probably the  r e s u l t  of 
u n c e r t a i n t i e s  i n  t h e  curve f i t t i n g  procedure r a t h e r  than  any a c t u a l  
d i f f e rence .  Also, t h e  r a d i a t i o n  l e v e l s  i n  t h i s  reg ion  barely exceed 
t h e  threshold f o r  de t ec t ion .  
The temperature measurements made wi th  t h e  wideband- 
response PMT's a r e  shown i n  Figs .  14 and 15 fo r  t h e  tantalum and 
quar tz  t a r g e t s ,  r e spec t ive ly .  Generally, t h e  r e s u l t s  obtained a r e  
s i m i l a r  t o  those discussed above; however, the  curves a r e  more 
complicated i n  form. I t  is f e l t  that  t h i s  d i f f e r e n c e  a r i s e s  from 
u n c e r t a i n t i e s  i n  f i t t i n g  t h e  ind iv idua l  curves  t o  t h e  d a t a  poin ts .  
For example, the increase  i n  temperature ind ica ted  a t  about 25 km/ 
sec in Fig.  14 a r i s e s  from a small number of da t a  po in t s  and may 
r e p r e s e n t  only a s t a t i s t i c a l  f l uc tua t ion .  
I t  is i n t e r e s t i n g  t o  compare t h e  r e s u l t s  here w i t h  t h e  
r e s u l t s  of s i m i l a r  experiments conducted by Rosen and Scully 
(Ref .  2) .  In the i r  experiments the apparent blackbody temperature 
was measured f o r  g l a s s  p a r t i c l e s  impacting on a l ead  t a r g e t  over 
the v e l o c i t y  range of about 4 t o  15 km/sec. They found t h a t  t h e  
da t a ,  when plot ted i n  t h e  same form a s  shown i n  Fig. 12, could be 
f i t t e d  by a s t r a i g h t  l i n e ,  which impl ies  t h a t  the r a t i o  of in-  
t e n s i t i e s  is 
power. Over 
a reasonably 
i n  Fig.  12. 
p ropor t iona l  t o  the  impact ve loc i ty  r a i s e d  t o  some 
t h e  same ve loc i ty  range, 2 s t r a i g h t  l i n e  would provide 
c l o s e  approximation t o  t h e  segment of t he  curve shown 
Furthermore, t h e  maximum temperature they measured 
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Figure 12. Apparent Blackbody Temperature of the  Impact Light  
F lash  a s  a Function of P a r t i c l e  V e l o c i t y  obta ined from 
Integrated  Light I n t e n s i t y  Measurements on a 
Tantalum Target .  
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Figure 13. Apparent Blackbody Temperature of the  Impact Light 
F lash  a s  a Function of P a r t i c l e  Ve!,xit ,y obtained from 
Integrated  Light In tens i ty  Measurements on a Fused- 
Quartz Target .  
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Figure 14.  Apparent Blackbody Temperature of the  Impact Light  
F lash  a s  a Funct ion of Particle V e l o c i t y  obta ined 
from Maximum Instantaneous  F l a s h  I n t e n s i t y  Measure- 
ments on a Tantalum Target .  
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Figure  15. Apparent Blackbody Temperature of the Xmpact L i g h t  
F lash  a s  a Function of P a r t i c l e  V e l o c i t y  obtained 
from Maximum Instantaneous Plash I n t e n s i t y  Measure- 
ments on a Fused-Quartz Target. 
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was about 5000°K, which is nearly i d e n t i c a l  t o  the  maximum 
temperature measured here .  Thus the  r e s u l t s  f r o m  t h e  two exper i -  
ments a r e  compatible over the  ve loc i ty  range where d i rec t  compari- 
son is v a l i d .  However, r e s u l t s  obtained w i t h  higher-veloci ty  par- 
t i c l e s  show conclusively t h a t  the  ex t r apo la t ion  t o  meteoric 
v e l o c i t i e s  suggested by Rosen and S c u l l y  is not v a l i d .  
IV. SUMMARY 
The experiments described above have extended measurements 
on the impact l i g h t  f l a s h  t o  p a r t i c l e  v e l o c i t i e s  of near ly  40 km/ 
sec. The v e r y  s t rong  v e l o c i t y  dependence exh ib i t ed  by t h e  impact 
f l a s h  suggested t h a t  t h e  source of l i g h t  was s i m i l a r  t o  a black- 
body r a d i a t o r .  On t h i s  assumption, two-color photometric measure- 
ments designed t o  determine an "apparent" blackbody temperature were 
conducted. The r e s u l t s  i nd ica t e  t h a t  the apparent temperature in- 
c r e a s e s  r ap id ly  up t o  about 15 km/sec. A t  h igher  v e l o c i t i e s  t h e  
r a t e  of temperature increase  is smal le r  and asymptot ica l ly  approaches 
a value of about 5000°K. 
agreement w i t h  t he  r e s u l t s  of Rosen and Scul ly  over t he  ve loc i ty  
range common t o  both experiments,  
The r e s u l t s  obtained here a r e  i n  good 
As suggested e a r l i e r ,  t h e  r e s u l t s  here a r e  r e l a t e d  t o  
meteori te  d e t e c t i o n  s y s t e m s  and t o  bas i c  s t u d i e s  of hyperveloci ty  
impact phenomena. Clear ly ,  a d d i t i o n a l  work, both t h e o r e t i c a l  and 
experimental, is requi red  t o  c o r r e l a t e  t h e  r e s u l t s  obtained here 
with other  p r o p e r t i e s  of high-speed impact. 
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